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Abstract 
We propose and demonstrate a method to achieve large effective Soret coefficient in 
colloids by suitably mixing two different particles, e.g., silica beads and Fe3O4 nanoparticles. 
It is shown that the thermophoretic motion of Fe3O4 nanoparticles out of the heating region 
results in a large nonequlibrium depletion force for silica beads. Consequently, silica beads 
are driven quickly to the heating region, forming a three-dimensional crystal with few defects 
and dislocations. The binding of silica beads is so tight that a colloidal photonic crystal can be 
achieved after the complete evaporation of solvent, water. Thus, for fabrication of defect free 
colloidal PCs, periodic structures for molecular sieves, among others, the proposed technique 
could be a low cost alternative. In addition as we use biocompatible materials, this technique 
could be a tool for biophysics studies where the potential of large effective Soret coefficient 
could be useful.  
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Thermophoresis, the movement of particles in a thermal gradient, or its equivalent 
Ludwig-Soret effect in liquids is important in many different fields like in atmospheric 
sciences,[1] in biology,[2] in soft-condensed matter[3] among other fields. Thus controlling and 
enhancing the Soret coefficient that governs the thermophoretic motion is of great interest. 
Almost all the studies so far utilize the nonequilibrium force generated by heating the liquid 
locally in the colloid[4,5] to segregate particles. However, fabrication of periodic structures is 
very important for photonic, plasmonic and other applications. While top-down approaches 
are expensive and time consuming, bottom-up approaches like formation of colloidal crystals 
in diluted solution[6,7] are of interest. These have been used to realize molecular sieves,[8] 
photonic crystals (PCs),[9] and chemical sensing.[10,11] Typically, monodispersed microspheres 
were self-assembled into colloidal PCs by methods that rely on different mechanisms.[12-17] 
Nevertheless, it is still a challenge to fabricate cost- and time-effective colloidal PC with few 
defects or dislocations. For example, Electrophoresis based monolayer assembly that has been 
reported recently,[18] depends on the charge of the particles. Similarly, an external magnetic 
field can also be used with suitable magnetic fluids. However, in these techniques, which 
depend on the external field, the orientation of the field with respect to the particles is 
important, leading to either clustering or linear chains. So, a suitable mechanism for 
fabrication of three-dimensional (3D) PCs is still challenging. 
 It has been shown that polysterene (PS) beads in a colloidal suspension can be 
assembled into two-dimensional (2D) structures by achieving large temperature gradient (∇T). 
[19] For this, the ∇T has to be larger than the ratio D/aDT where a is the particle size and D and 
DT are the normal diffusion coefficient and thermal diffusion coefficient of PS spheres, 
respectively.[20] If we introduce characteristic length which is defined as lT = (ST∇T)-1 to 
describe the thermophoresis of PS spheres, then the above criterion for ∇T can be converted 
to a criterion for lT as follows[5,20] 
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Here, ST = DT/D is the Soret coefficient of PS spheres that characterizes the response of PS 
spheres to a thermal gradient. Physically, lT represents a length scale over which the thermal 
drift becomes dominant with respect to Brownian diffusion. For a given normal diffusion 
coefficient, a small lT implies a large thermal drift velocity vT for particles that is responsible 
for the crystallization of PS spheres.[19,20] 
Apparently, the criterion described in equation (1) can be fulfilled by particles with a 
large ST in the case when a large ∇T is not easily obtained. Unfortunately, the value of ST is 
generally not large enough to meet the condition given in equation (1) even though it scales 
linearly with the size of microspheres. Recently, it has experimentally shown that the 
effective Soret coefficient of PS beads in a colloidal suspension can be tuned, by changing the 
polymer concentration in the solution, to negative values.[21]  In this work we propose and 
demonstrate a method to achieve large Soret coefficient in colloids by suitably mixing 
different particles. We show that the thermophoretic motion of Fe3O4 (here after referred to as 
magnetic nanoparticles due to their wider application in magnetic fluids) out of the heating 
region results in a large effective Soret coefficient for silica beads. Consequently, silica beads 
are driven quickly to the heating region, forming a 3D crystal with few defects and 
dislocations. The binding of silica beads is so tight that a colloidal PC can be achieved after 
the complete evaporation of solvent, water. Thus, for fabrication of defect free 3D PCs, 
periodic structures for molecular sieves, among others, the proposed technique could be a low 
cost alternative. In addition as we use biocompatible materials, this technique could be a tool 
for biophysics studies where the potential of large effective Soret coefficient could be useful.  
 Based on the study of the thermophoresis of absorbing particles such as magnetic 
nanoparticles, it was found that a static temperature gradient and particle distribution can be 
established provided that the absorbing particles possess a positive ST.[22] In this case, the 
thermophoretic motion of absorbing particles to cooler region provides a negative feedback to 
the thermal diffusion.[22-24] When we mix silica beads having negative Soret coeffient (STb) 
with magnetic nanoparticles possessing positive Soret coefficient (STm), the effective Soret 
coefficient for silica beads can be written as[21] 
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Here, a is the radius of silica beads, λ is the interaction distance between the two types of 
particles, and cm is the concentration (or the number density) of magnetic nanoparticles at the 
center of the focus in the steady state. 
 For silica beads used in our study, the value of STb is estimated to be -0.023 K-1.[25] 
However, if we calculate the effective ST* for silica beads by using mTS  = 0.15 K-1,[26] T = 300 
K, a = 0.8 μm, λ = 6 nm, and cm = 1.75 x 1016 cm-3, it is found that a large ST* of about 0.48 K-
1 can be achieved. This value is more than 20 times larger than that in the absence of magnetic 
nanoparticles. It will lead to a large vT which can be employed to assemble optical matters and 
PCs. 
 
Fig. 1 Schematic showing the assembling of (a) 3D optical matter and (b) colloidal PC. The direction 
of movement of magnetic nanoparticles (Violet) and Silica beads (Green) are shown by arrows. 
  
 We propose and demonstrate a colloidal system on which the assembling of 3D optical 
matters and even colloidal PCs can be realized by using large effective Soret coefficient. A 
schematic of the assembling process is shown in Fig. 1. The colloidal system is composed of 
silica beads and magnetic nanoparticles that are uniformly distributed in water. Unlike earlier 
works (where the temperature gradient was produced by heating water with a focused laser 
beam in near infrared region), the temperature gradient that drives the thermophoresis of 
magnetic nanoparticles and silica beads is established by heating magnetic nanoparticles with 
a focused laser beam in visible region. 
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Result and Discussion 
Initially, the heavier silica beads were observed to sediment on the bottom wall of the 
sample cell. Once the laser beam was focused into the sample cell, a fast movement of silica 
beads towards the focus was clearly observed. Due to the small size of magnetic nanoparticles, 
their thermophoretic motion could not be identified in the microscope. However, it was 
confirmed separately by using a pure magnetic fluid that magnetic particles possess a positive 
Soret coefficient in water. In this experiment, a circular depletion region surrounded by a dark 
ring was clearly identified when a laser beam was focused into the magnetic fluid. As 
predicted in Ref. 22, a steady distribution of magnetic nanoparticles was eventually achieved, 
resulting in a stable temperature gradient. 
 
Fig. 2 CCD images showing the formation of 3D optical matter due to large nonequilibrium 
depletion force. 
 The silica beads driven by nonequilibrium depletion force, caused by the thermal 
diffusion of magnetic nanoparticles, moved with a large velocity to the central region to form 
a 2D ordered structure with a hexagonal close packed lattice. The 2D crystal grew up very 
quickly and more than 40 silica beads were found along the diameter of the circular-shaped 
crystal after about 60 seconds. Unlike the previous reports,[19,20] silica beads in the 2D crystal 
were regularly and closely packed into a hexagonal lattice with negligible defects. Also, it 
should be emphasized that a very low laser power of only about 15 mW was needed to trigger 
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the assembly of silica beads. As mentioned above, the large drift velocity resulting from the 
large effective Soret coefficient is believed to be responsible for these unique features. 
Optical trapping effect plays a less important role in the observed assembling process as the 
focus of the 63x objective lens, which is similar to the diameter of silica beads, is too small to 
induce the assembly of a large number of silica beads. Also, the assembly did not occur when 
a 800-nm light is used due to weak absorption of 800 nm light in magnetic particles. 
 During the assembling process, a closer look at the 2D crystal revealed that some silica 
beads accumulated at the edge of the 2D crystal climbed up onto the crystal and moved 
towards the central region with a slower speed. This resulted in forming a second layer of 
closely packed silica beads at the central region on top of the first one. Although the area of 
the second layer of silica beads was much smaller than the first one, this layer-by-layer 
crystallization process continued. In the optimum case, a 3D crystal with five layers of 
regularly packed silica beads was obtained. The CCD images illustrating the assembling 
process of silica beads through a layer-by-layer fashion into a 3D crystal are presented in Fig. 
2. The video for the entire assembling process is provided as supplement. Apart from the 
observation through the microscope with CCD, the laser light also acted as a probe for the 
ordering of the formed crystal. The evolution of the diffraction pattern of the light during the 
assembling process shown in Fig. 3 clearly indicates the formation of an ordered structure. 
The transition of the diffraction pattern from a uniform Gaussian distribution to a Debye-
Scherrer ring and eventually to Bragg diffraction spots can be clearly identified. 
 
Fig. 3 Evolution of the diffraction pattern during the assembling process of the crystal. 
 By using colloids with different number densities of magnetic nanoparticles, it was 
found that the largest and best 3D crystals were obtained when the number density of 
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magnetic particles was chosen be ~1.75 x 1016 cm-3. In this case, the colloid was obtained by 
mixing the aqueous solution of silica beads with the magnetic fluid at a weight ratio of 3 : 1. 
This phenomenon can be interpreted by the effective Soret coefficient of silica beads that is 
dependent on the concentration of magnetic nanoparticles. From Eq. (2), it can be seen that 
the effective Soret coefficient of silica beads increases linearly with the equilibrium 
concentration of magnetic nanoparticles at the beam center cm that increases with the 
background concentration of magnetic nanoparticles. Accordingly, it was found that the 
assembling speed became faster with increasing concentration of magnetic nanoparticles, 
leading to a larger size and better quality of the formed crystal. Once the concentration of 
magnetic nanoparticles exceeds a certain value (i.e., cm ~ 1.75 x 1016 cm-3 in our case), 
however, we observed a slow down of the assembly and a reduction in the crystal size. It 
implies a decrease of the effective Soret coefficient of silica beads. In fact, the effective Soret 
coefficient generally depends on the concentration of the particles (both magnetic and Silica 
beads).[27] Though the Soret coefficient can be considered as a constant when the particle 
concentration is low, in the case of high concentration, the interaction between particles 
cannot be neglected and the Soret coefficient decreases rapidly with increasing 
concentration.[27] Therefore, the effective Soret coefficient of silica beads begins to decrease 
when the concentration of magnetic nanoparticles exceeds a certain value. The 3D crystals 
obtained by using colloids with different number densities of magnetic particles are compared 
in Fig. 4. 
 
Fig. 4 3D optical matter obtained by using colloids with same number density of silica beads (cb) and 
different number densities of magnetic nanoparticles (cm). (a) cb = 3.14 x 109 cm-3, cm = 2.38 x 1016 cm-3; 
(b) cb = 3.40 x 109 cm-3, cm = 1.75 x 1016 cm-3 and (c) cb = 3.23 x 109 cm-3, cm = 4.20 x 1016 cm-3.  
a b c
 8
 
 Apart from the concentration of magnetic nanopartices, it is apparent from Eq. (2) that 
another quantity that significantly affects the effective Soret coefficient of silica beads is their 
own Soret coefficient (STb). It has been known that the Soret coefficient of particles scales 
linearly with the size of particles. We have performed assembling experiments by using silica 
beads with a smaller diameter of 0.70 μm. In this case a smaller effective Soret coefficient as 
well as a stronger Brownian motion is expected and accordingly, it was found that only a 2D 
crystal with a smaller size could be obtained. Also, the assembling of PS beads with a similar 
diameterr (1.9 μm) but a positive Soret coefficient[21] has been carried out. Similarly, only a 
2D crystal with a smaller size was achieved. In this case, the 2D crystal was formed on the 
top wall of the sample cell because of their lighter weight. In addition, the laser power 
necessary to realize the assembly was increased dramatically to about 200 mW due to their 
positive Soret coefficient. The 2D crystals formed by using smaller silica beads and PS beads 
are shown in Figs. 5(a) and 5(b), respectively. 
 
Fig. 5 2D optical mater formed by using (a) 0.7-μm silica beads and (b) 1.9-μm PS beads. 
 The assembling experiments described above were carried out in sample cells where the 
light scattering from suspended particles and walls of the cell also contribute to the formation 
of colloidal crystal like in optical matter. Once the laser beam is turned off, the optical matter 
will eventually be destroyed by the Brownian motion of particles after the disappearance of 
the thermal gradient. Since the characteristic length estimated from the effective Soret 
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coefficient is quite short, it is interesting to see whether the technique can be employed to 
fabricate a colloidal PC or molecular sieves. 
 To test this idea, a droplet of the colloid containing both silica beads and magnetic 
nanoparticles was placed on the surface of a thin glass slide and the laser beam was focused 
on the surface of the glass slide. Since the height of the colloidal droplet is significantly larger 
than the thickness of the sample cell, the Rayleigh number which is proportional to the cubic 
power of the height will exceed the critical value over which Rayleigh-Bernard convection 
occurs.[28,29] In experiments, we did observe such a convection that drives silica beads. On the 
other hand, the increase of effective Soret coefficient also leads to a decrease of the threshold 
Rayleigh number and the appearance of Rayleigh-Bernard convection. Fortunately, the 
appearance of Rayleigh-Bernard convection does not affect the crystallization of silica beads. 
Instead, it facilitates the accumulation of silica beads around the edge of the crystal. Thus, a 
3D crystal can also be created in the colloidal droplet, similar to that in sample cells. 
 
Fig. 6 CCD image (a) and the diffraction pattern (b) of the formed 3D colloidal PC. 
 With the formation of the 3D crystal, the evaporation of water in the colloidal droplet 
was accelerated because of the heating of magnetic nanoparticles. As a result, the volume of 
the colloidal droplet became smaller and smaller. Just before water in the droplet was 
completely evaporated, the silica beads in the crystal suffer from strong force that tends to 
break the crystal. However, the tight binding between them seems to prevent the crystal from 
being destroyed, leaving a perfect colloidal PC on the surface of the glass slide. The CCD 
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image and the diffraction pattern of the formed colloidal PC are shown in Fig. 6. The 
colloidal PC was covered by magnetic nanoparticles after water was completely evaporated. 
By baking the sample at 100°C for several minutes, the magnetic-nanoparticle layer on top of 
the colloidal PC can be partially removed as the organic surfactant on the surface of magnetic 
nanoparticle cracks. The SEM images of the colloidal PC after removing the magnetic-
nanoparticle layer are shown in Fig. 7. It can be seen that silica beads in the crystal are 
regularly arranged in a hexagonal lattice. Three layers of silica beads can be identified in the 
colloidal PC. Therefore, this thermophoresis-based technique offers us an easy, fast, and 
effective way of fabricating colloidal PCs, especially for those composed of both micro- and 
nanoparticles. 
 
Fig. 7 SEM images of the 3D colloidal PC after removing the magnetic-nanoparticle layer. 
 In summary, we demonstrate a large effective Soret coefficient (more than 20 times 
larger) in binary colloids by suitably mixing particles having negative Soret coefficient 
(magnetic nanoparticles) with particles having positive Soret coefficient (Silica beads). This 
large effective Soret coefficient has been utilized to assemble 3D periodic structures. The 
large drift velocity and short characteristic length resulting from the large effective Soret 
coefficient lead to the formation of 3D structures with few defects and dislocations. 
Furthermore, the tight binding of silica beads makes it possible to obtain 3D colloidal PCs 
after the complete evaporation of water. This phenomenon can be employed as a low cost and 
faster fabrication technique for high-quality 3D optical matter and colloidal PCs. In addition, 
the control and enhancement of effective Soret coefficient shown in this work could be useful 
for various applications in widely varying fields of science. 
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Methods 
The aqueous solution of silica beads used in our experiments was purchased from Duke 
Scientific Corporation. The diameter and weight fraction of silica beads are 1.6 μm and 2%, 
respectively. The water-based magnetic fluid we used was prepared by Central Iron and Steel 
Research Institute, China. The average diameter of magnetic particles and the weight density 
of the magnetic fluid were measured to be ~12 nm and 1.328 g/cm3, respectively. In order to 
avoid aggregation, the surface of magnetic particles is capped by an organic layer. In our 
experiments, new colloids with uniformly distributed silica beads and magnetic particles were 
obtained by mixing the aqueous solution of silica beads with the magnetic fluid (or the 
magnetic fluid after dilution) at different weight ratios. While the number densities of silica 
beads (cb) in these new colloids were kept to be similar, the number densities of magnetic 
nanoparticles (cm) were deliberately made to be different in order to see their influence on the 
assembling process. Then, the new colloids were sonicated for half an hour and sealed into 
50-μm-thick sample cells formed by two glass cover slides. The 532-nm light from a solid-
state laser was employed to heat magnetic nanoparticles and to trigger the self-assembly of 
silica beads. The assembling process was monitored by using an inverted microscope (Zeiss 
Axio Observer A1) in combination with a charge-coupled device (CCD). Objective lenses 
with different magnifications were used and it was found that the best crystallization of silica 
beads was achieved by using a 63× objective lens. 
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